INTRODUCTION {#SEC1}
============

Precise genome modification with engineered, site-directed nucleases such as meganucleases, zinc finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) and Cas9/sgRNAs has emerged as a powerful genome-enabling tool for fundamental and applied biological research. These technologies rely on DNA double strand breaks (DSBs) generated in a targeted fashion in the genomic region of interest by the potent nucleases ([@B1]--[@B3]). DSBs stimulate cellular DNA repair mechanisms and are repaired through error-prone nonhomologous end joining (NHEJ) and/or homologous recombination (HR) *in vivo*, leading to site-specific genetic alterations ([@B4]--[@B7]). NHEJ has been exploited to generate mutagenic insertions/deletions in transcription regulatory or protein-coding region of genes of interest that often result in gene inactivation. HR-associated molecules drawn to a specific DSB created by a site-specific engineered nuclease have been harnessed to allow incorporation of desired small or large genetic elements that are flanked by DNA sequences homologous to regions present on either side of the DSB. In most cases, NHEJ events are more predominant than HR in eukaryotic cells and thus are associated with the large majority of targeted genomic events ([@B8]--[@B10]). To generate a site-specific DSB in the genomic region, meganucleases, ZFNs and TALENs were developed successively ([@B11]--[@B15]). Both customizable hybrid nucleases are composed of programmable, sequence-specific DNA-binding modules fused with the non-specific cleavage domain of FokI nuclease. Such molecules, acting in pairs that recognize adjacent DNA sequences, have enabled precise genomic modifications in a broad range of species, including yeast, plants and animals \[reviewed by ([@B2],[@B3])\]. However, they often are effectively unavailable for routine use in many laboratories because of the time-consuming and labor-intensive process needed for engineering the nucleases genes; furthermore, their sensitivity to the DNA methylation state of the target sites limits the application of those nucleases in genome-wide analysis due to the widespread existence of cytosine methylation in complex genomes ([@B16],[@B17]).

The type II CRISPR/Cas RNA-guided nucleases are the most recent addition to the tool kit of sequence-specific nucleases. Intense interest has been focused on the CRISPR/Cas9 system from *Streptococcus pyogenes* following initial reports of its successful use for gene editing ([@B18]--[@B20]). In this system, Cas9 nuclease coupled with tracrRNA (*trans*-activating crRNA) can be guided by an ∼20-nt guide (or seed) sequence in crRNA (CRISPR RNA) to hybridize with a specific complementary DNA sequence (i.e. the target site) that is followed by a 5′-NGG or 5′-NAG PAM (protospacer adjacent motif) sequence to induce a precise cleavage of the target sequence 3--4 base pairs upstream of the PAM site ([@B18]). Alternatively, parts of crRNA and tracrRNA sequence can be fused in a synthetic gene to produce a single guide RNA (sgRNA) that is equally as effective as the separate crRNA and tracrRNA complex in targeting a specific DNA sequence for Cas9-directed cleavage ([@B19],[@B20]). Unlike ZFNs and TALENs, the CRISPR/Cas9 system, referred to here as Cas9/sgRNA, is DNA methylation-insensitive. It is also more affordable, remarkably easier to use, and well-suited for multiplex gene targeting and high-throughput genome-wide gene editing at a similar or even higher efficiency than ZFNs and TALENs.

Recently, the Cas9/sgRNA system has been demonstrated to be effective for gene editing in several plants, including *Nicotiana benthamiana*, *Arabidopsis*, wheat, maize, sorghum and rice ([@B21]--[@B33]). Based primarily on results using marker genes that cause obvious phenotype changes when disrupted, investigators have suggested that it is feasible to modify most endogenous genes using the Cas9/sgRNA system. In a limited number of cases involving *Arabidopsis* and rice plants, it has been possible to demonstrate gene editing by Cas9/sgRNA in stable transformed T0 plants and only recently in the progeny of transgenic plants of the two species ([@B22],[@B27],[@B33]). In the most recent two studies using *Arabidopsis*, researchers found that Cas9/sgRNA-triggered gene modifications could be found in T1 generation plants mostly in somatic cells and that only 22--50% of T2 plants were homozygous for the modified gene ([@B31],[@B32]). In both studies, the mutations were stably inherited in the T3 generation. Although the Cas9/sgRNA system has been shown to function in creating targeted gene disruption in rice ([@B21],[@B22],[@B26],[@B27],[@B33]), stable inheritance of the modified genes and their patterns of expression are only now being explored in depth ([@B27]).

In most aforementioned cases, genomic editing was shown to occur at a single locus leading to micro-deletions and/or insertions since the systems were not designed and constructed to express multiple guide RNAs for complex gene editing. However, Cas9/sgRNAs have potential to allow much more complex genome rearrangements that could allow studies, for example, into the function of large *cis*-regulatory domains in controlling plant gene expression, the roles of specific noncoding RNA genes in controlling plant development and the role of certainly closely clustered genes in plant chromosomes. Such studies require the ability to remove and/or replace entire large regions of chromosomes in a precisely targeted manner. The deletion of chromosomal segments between two widely spaced target sites using two pairs of ZFNs, two pairs of TALENs or two pairs of Cas9/sgRNAs to simultaneously cleave and remove a chromosome segment has been reported in cultured mammalian cells (including human cells), zebrafish and in *Arabidopsis* somatic cells when ZFN genes were chemically and transiently induced ([@B34]--[@B38]). However, the deletion of significant chromosome segments has not been reported in model plant systems or, more particularly, in a crop plant. Here we report proof-of-concept and proof-of-efficiency demonstrations of just such chromosome segment deletions in the world\'s most widely grown crop, rice.

Here we also report a set of Gateway-based Cas9/sgRNA vectors that are highly efficient and easy to use for gene editing. The intermediate vector can be used to construct up to four sgRNA genes for single or multiplex gene editing in the rice genome. We demonstrated that most mutated T0 plants contain di-allelic (heterogeneous or homogeneous) modifications and that modified genes can be genetically segregated away from Cas9 and sgRNA transgenes and faithfully transmitted through ensuing generations in a Mendelian fashion. We further demonstrated that deletions of large chromosomal segments can be efficiently achieved in regenerated plants with our constructs. Together, these results suggested that the current set of Cas9/sgRNA constructs represents an important technical step forward that should be of significant benefit to the rice research community and agricultural industry in pursuing goals associated with customized genome editing and chromosome engineering.

MATERIALS AND METHODS {#SEC2}
=====================

Plant materials {#SEC2-1}
---------------

The *Japonica* rice cultivar Kitaake was used. Plants (wild type or transgenic) were grown in a growth chamber and greenhouse at a temperature of 28--30°C, in a relative humidity of 75% and with photoperiod of 12 h (h) in the growth chamber and with natural light plus supplemented light in the greenhouse. For protoplast isolation, rice seeds were sterilized and germinated in $\documentclass[12pt]{minimal}
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}{}$\frac{1}{2}$\end{document}$ MS (Murashige Skoog) solid medium in a plastic container, grown at 30°C under a 12h/12h-light regime in the growth chamber for 8--10 days.

Construction of plasmids expressing Cas9 and guide RNAs {#SEC2-2}
-------------------------------------------------------

To construct a Cas9 expression cassette for the binary vector, the rice codon-optimized SpCas9 gene ([@B21]) was placed downstream of the maize ubiquitin 1 promoter ([@B14]) and upstream of the nopaline synthase (NOS) gene terminator by BamHI and SpeI restriction and DNA ligation. The Cas9 cassette and a Gateway recombination cassette that contained the attR1-ccdB-attR2 were cloned into pCAMBIA1300, which confers hygromycin B resistance (hptII) in transgenic plant (CAMBIA Health Solutions, Inc.), resulting in a destination vector, pUbi-Cas9. Constructs derived from pUbi-Cas9 were used for rice transgenics. For transient expression of Cas9 in rice mesophyll protoplasts, the pUC19 version of Cas9 was described earlier ([@B21]).

For construction of guide RNA genes, two different promoters of the rice small nuclear RNA U6 genes were commercially synthesized based on the genome sequence of the rice cultivar Nipponbare. For sgRNA constructs, the BtgZI or BsaI cutting site was placed downstream of the U6 promoter and used to fuse the seed sequences to the tracrRNA tail sequences of either 48 nucleotides \[sgRNA(+48)\] or 85 nucleotides \[sgRNA(+85)\], the guide RNA architectures based on the work as published ([@B19]). Those cassettes were synthesized by GenScript and cloned into pENTR4 (Life Technologies) by BamHI and EcoRI restriction and DNA ligation, individually, resulting in a set of pENTR-sgRNA vectors in which the guide RNA cassettes could be mobilized to pUbi-Cas9 using the Gateway LR clonase (Life Technologies). For the dual tracrRNA and crRNA \[dual guide RNA (dgRNA)\] constructs, the DNA sequences for tracrRNA and the crRNA direct repeats were adapted from Jinek\'s work ([@B18]). The tracrRNA-coding DNA and the rice U6 promoter were synthesized from GenScript; the DNA for the crRNA repeat sequence and another rice U6 promoter was also synthesized from GenScript. The BsaI and BtgZI restriction sites were designed and located within the direct repeats of crRNA for cloning of seed sequences. Both crRNA and tracrRNA cassettes were cloned into pENTR4 in tandem by BamHI and EcoRI. The sequences of those synthetic guide RNAs (sgRNA or dgRNA) are provided in Supplementary data (Supplementary Figure S1).

The complementary oligos with appropriate 4-bp overhangs, after being annealed to each other, were phosphorylated, annealed and cloned into the respective pENTR-sgRNA or pENTR-dgRNA that was digested with appropriate restriction enzymes. Each sgRNA or crRNA was sequenced using primer (U6p-F1) for the accuracy of inserted seed sequences. The sgRNA or dgRNA cassettes were then used for transient expression with pUC19-Cas9 directly in rice protoplasts, or were recombined into pUbi-Cas9 for rice transformation. The sequences of those oligos are listed in Supplementary data (Supplementary Table S1).

Transient gene expression in rice protoplasts {#SEC2-3}
---------------------------------------------

Isolation and transfection of rice mesophyll protoplasts were carried out as previously described ([@B21]). A mixture of plasmid DNA containing pUC19-Cas9 and pENTR-sgRNA (10 μg with a 1:1 molar ratio) was used.

*Agrobacterium*-mediated rice transformation {#SEC2-4}
--------------------------------------------

The binary vector-based plasmids were mobilized into the *Agrobacterium tumefaciens* strain EHA105 by electroporation. The immature embryo derived callus cells of Kitaake were used for tissue culture and transformation with a protocol modified from the method as described by Hiei *et al.* ([@B39]).

Detection of the targeted genomic editing events {#SEC2-5}
------------------------------------------------

Genomic DNA from the rice protoplasts or leaves of transgenic rice plants was extracted using the hexadecyltrimethylammonium bromide (CTAB) method ([@B40]) and further used for polymerase chain reaction (PCR) amplification with specific primers (see Supplementary Table S1 for sequence information). The PCR products were used for the T7 Endonuclease I (T7EI) assay. Briefly, the T7EI assay is as follows: PCR products (a mixture from mutant and wild type) were heated at 95°C for 5 min, then cooled from 95 to 85°C at 2°C /s, 85 to 25°C at 0.1°C /s and held at 25°C for 30 min. The denatured and reannealed PCR products were purified with phenol:chloroform extraction and ethanol precipitation, 100 ng of each purified product was digested with three units of T7EI for 2 h at 37°C and subjected to 2% agarose gel electrophoresis.

Detection of large fragment deletion {#SEC2-6}
------------------------------------

The transfected protoplast pools were used for genomic DNA extraction using the CTAB method. Similarly the transgenic calli and plant leaves were used for genomic DNA extraction. Genomic DNA was used for PCR amplification of the relevant region with primers, and the amplicons were subjected to Sanger sequencing. The amplicons were also cloned into the EcoRV-restricted pBluescriptSK, and clones with inserts were subjected to Sanger sequencing.

Genotyping of primary or progeny plants of transgenic rice {#SEC2-7}
----------------------------------------------------------

To screen the T0 transgenic rice plants for the presence of Cas9/sgRNA and for mutations it induced, the transgenes Cas9 and sgRNA (or dgRNA) were detected with PCR for each line, while PCR products from the targeted regions in each line were first analyzed in the T7EI assay and selectively subjected to Sanger sequencing.

For genotyping of T1 and T2 transgenic rice plants, a number of seeds from independent transgenic lines were grown in the greenhouse. Genomic DNA was extracted, and PCR amplification for Cas9, hptII and sgRNA/crRNA genes was performed on individual plants to detect the presence of transgenes. PCR products from the targeted region in individual plants were analyzed in the T7EI assay to determine the zygosity (homozygous or heterozygous) of progeny plants. A selection of PCR products from the targeted site in homozygous lines was subjected to Sanger sequencing.

RESULTS {#SEC3}
=======

Construction of CRISPR/Cas9 systems with different guide RNA architectures {#SEC3-1}
--------------------------------------------------------------------------

As a follow-up to our earlier use of the TALEN system for editing rice genes (i.e. the SWEET genes) that are important susceptibility genes to plant disease ([@B41]), we recently demonstrated that the Cas9/sgRNA system was capable of inducing site-specific mutations in the promoter regions of both the *SWEET11* gene and *SWEET14* gene ([@B21]). In the previous work, the Cas9 gene from *S. pyogenes* (SpCas9) and the SpCas9 gene codon-optimized for expression in rice each were co-expressed with sgRNAs derived from an architecture comprised of 48 nucleotides (nt) of the tracrRNA 3′ 'tail' \[referred to as sgRNA(+48)\] and it induced site-specific mutagenesis efficiently. However, sgRNA with a longer tracrRNA tail (e.g. +85 nt) was reported recently to have higher efficiency of mutagenesis in cultured human cells ([@B42]), we also included sgRNA(+85) in our constructs for comparison of their relative efficiency in plant (Figure [1](#F1){ref-type="fig"}). Additionally, we constructed a dgRNA with separate crRNA and tracrRNA components similar to the native *S. pyogenes* CRISPR/Cas9 system, a system shown earlier to modify target sites with varying efficiencies ([@B19],[@B29]). This platform was designed to offer the opportunity to produce multiple crRNAs under control of a single promoter to allow simultaneous targeting of multiple loci (Figure [1](#F1){ref-type="fig"}). We first tested the efficiency of bacterial Cas9 (SpCas9), rice codon optimized SpCas9, human codon optimized SpCas9 ([@B19]) and *Chlamydomonas* codon optimized SpCas9 ([@B21]) for their efficiency in creating mutations guided by sgRNA(+85) in rice protoplasts. The results revealed that the rice codon optimized SpCas9 (hereafter referred to simply as Cas9) was considerably more active than other versions (data not shown). This codon optimized SpCas9 was used for all subsequent experiments.

![Constructs for Cas9 and guide RNA expression in rice cells and plants. (**A**) Binary vector pUbi-Cas9 and intermediate vectors pENTR-dgRNA and pENTR-sgRNA. Cas9 in pUbi-Cas9 is transcribed under control of the maize ubiquitin 1 promoter and NOS terminator. The dual crRNA and tracrRNA genes and single guide RNAs \[sgRNA(+85) and sgRNA(+48)\] are driven by the rice U6.1 and U6.2 gene promoters. pUbi-Cas9 can accept guide RNA expression cassettes from the intermediate vectors with flanking attL1 and attL2 sites via their cognate attR1 and attR2 sites using the Gateway recombination system. (**B**) Sequences of guide RNAs used in this study. The dual guide RNAs consist of two separate RNAs, tracrRNA and crRNA containing complementary base pairing regions. The crRNA contains two cloning sites (not shown) for insertion of a 30-bp target DNA. sgRNA(+85) and sgRNA(+48) contain 85-bp and 48-bp RNA tails, respectively.](gku806fig1){#F1}

To better adapt the Cas9/sgRNA system for *Agrobacterium*-mediated rice transformation, we developed a Gateway-based vector system to allow construction of a single binary vector for transfer and co-expression of Cas9 and various sgRNAs in rice (Figure [1](#F1){ref-type="fig"}). The system consists of a master Cas9-expressing vector containing a Gateway recombination sequence and a set of intermediate vectors that carry the sgRNA cassette flanked by the cognate 'Gateway att' sites. This allows efficient transfer of an sgRNA cassette to the destination plasmid. The intermediate vectors were used to construct dgRNA, sgRNA(+85) or sgRNA(+48) genes driven by two different rice U6 small nuclear RNA gene promoters (U6.1p and U6.2p). In addition, one intermediate vector (pENTR4-sgRNA1) can receive the sgRNA cassettes from another intermediate vector (pENTR4-sgRNA2) following digestion with HindIII and subcloning. This results in production of four sgRNAs which targets up to four different sites for simultaneous multiplex gene editing in a genome (Figure [1B](#F1){ref-type="fig"} and Supplementary Figure S2). Target-specific oligos can be easily fused with guide RNAs in intermediate vectors and shuffled into the master destination construct pUbi-Cas9 through Gateway recombination.

The constructs containing Cas9 and guide RNAs \[dgRNA, sgRNA(+85)/sgRNA(+48)\] were introduced into callus cells derived from immature rice embryos using *Agrobacterium*-mediated gene transfer. Several independent transgenic lines were generated for each construct with each line producing multiple plantlets.

We performed initial genotype analyses with three to five individual plants from each of the independent primary (T0) transgenic lines with the T7EI assay, a simple and quick assay for detecting small differences in nucleotide sequences between wild type (WT) and mutant genes. The genomic DNA from leaves of individual plants was extracted and used as template for PCR amplification of relevant regions with site-specific primers. The PCR products were then subjected toT7E1 analysis to determine if gene modifications had occurred. DNA samples giving positive results were sequenced directly or cloned and sequenced to determine site-specific DNA alterations (see the Materials and Methods section).

dgRNAs (crRNA:tracrRNA) induce a very low rate of mutation at the target sites in T0 transgenic lines {#SEC3-2}
-----------------------------------------------------------------------------------------------------

We first tested the abilities of the dgRNAs to cause targeted mutation in stable transgenic rice plants. One target site from the rice SWEET gene 11 (*SWEET11*) and another from *SWEET14* were selected for design and construction of two crRNA genes whose transcription was driven by the rice U6.2 gene promoter (U6.2p). Both target sites that were located are in the promoter regions of the SWEET genes and overlap with the effector binding elements that serve as a homing site for the disease-causing TAL effectors from *Xanthomonas oryzae* pv. *oryzae*. Two pairs of complementary oligos (each with 30 nucleotides corresponding to the target site), one pair of cSWT11-F&R for *SWEET11* and another cSWT14-F&R for *SWEET14*, were individually annealed and sequentially cloned into the dgRNA vector that also contained expressed the tracrRNA driven by the rice U6.1 gene promoter (U6.1p) (Figure [1A](#F1){ref-type="fig"} and Supplementary Figure S2A). The crRNA, after being transcribed in transgenic cells, was expected to generate two guide RNAs that each target the corresponding SWEET gene in the presence of tracrRNA and Cas9.

Out of 16 independent transgenic lines obtained that carried dgRNAs targeting the *SWEET11* gene, only two showed positive T7EI digestion pattern (data not shown). We then sequenced DNA in the amplicons produced with primers SWT11-F&R and genomic DNA from each line. The sequencing verified that both lines contained the identical mono-allelic 2-bp deletion at the target site in the promoter of *SWEET11* (Supplementary Figure S3A). Further, we confirmed the lack of site-specific mutations in *SWEET11* in the other 14 independent lines by sequencing amplicons from two plants of each line. In contrast to these results, similar genotypic analyses with T7E1 and DNA sequencing using the same individual plants of the 16 lines (two plants each line) assayed above revealed no mutation at the *SWEET14* target site (Supplementary Table S2). The presence of Cas9 gene and guide RNA cassette in all 16 lines was confirmed by PCR analysis. Taken together, our data suggest that the dgRNA system has low efficiency in generating DSBs and subsequent mutations in the stably transformed rice plants.

sgRNA(+85), but not sgRNA(+48), causes high-efficiency mutations at the target sites in T0 transgenic lines {#SEC3-3}
-----------------------------------------------------------------------------------------------------------

Next, we investigated the ability of two different sgRNA architectures \[sgRNA(+85) and sgRNA(+48)\] to mediate site-specific DSBs and NHEJ-based mutagenesis in stable transgenic rice lines. The first sgRNA construct contained one seed sequence in the +85 architecture and another in the +48 architecture, each targeting a different site in the *SWEET13* gene coding region (Supplementary Figure S2B). From eight independent T0 transgenic lines we obtained, all contained di-allelic mutations corresponding to the sgRNA(+85)/SWEET13-1 and none occurred at the sgRNA(+48)/SWEET13-2 targeted site, based on evaluation of five plants from each line (Figure [2](#F2){ref-type="fig"}). Similarly, a second sgRNA construct expressing a long sgRNA targeting the *SWEET1a* gene and a short sgRNA targeting the *SWEET16* gene coding region (Supplementary Figure S2B), respectively, was used for generating transgenics. Ten independent transgenic lines were obtained and five plants from each line were evaluated for genomic editing events at the two target sites. As shown in Figure [3](#F3){ref-type="fig"}, seven lines contained di-allelic mutations at the sgRNA(+85)-targeted *SWEET1a* site. Two of the three lines that lacked the mutation did not contain either detectable Cas9 (line \#9) or sgRNA (line \#1) while only one non-mutated line, \#6, contained both Cas9 and sgRNA (Figure [3A](#F3){ref-type="fig"}). Again, in marked contrast to results with the sgRNA(+85) construct, none of the same 50 plants showed a positive T7EI assay for mutations at the sgRNA(+48)-targeted site in the *SWEET16* gene. The lack of sgRNA activity was further confirmed by sequencing the relevant amplicons from two plants of each line. The sgRNA(+48) transgene could be detected in all of these lines. Finally, a construct expressing two long sgRNAs (one targeting a site in the *SWEET1b* gene and the other a site in the *SWEET13* gene) and two short sgRNAs (one targeting the *SWEET5* gene and the second a second site in the *SWEET13* gene) (Supplementary Figure S2B) was constructed and transferred into rice callus cells. Five transgenic lines were obtained and used for genotyping of the four target sites for possible mutations using both the T7EI assay and DNA sequencing. As shown in Figure [4](#F4){ref-type="fig"}, three lines contained di-allelic mutations of *SWEET13* targeted by the sgRNA(+85)/SWEET13-1 and another line contained mutations of the *SWEET1b* gene targeted by another long sgRNA, sgRNA(+85)/SWEET1a. Mutations were found only in plants carrying a Cas9 gene and the respective sgRNA(+85) genes. On the other hand, neither of the two short sgRNA(+48) genes, sgRNA(+48)/SWEET5 and sgRNA(+48)/SWEET13-2, targeting *SWEET5* and *SWEET13* induced a site-specific mutation in the five transgenic lines. The gene editing efficiency in T0 plants carrying different guide RNA constructs is presented in Table [1](#tbl1){ref-type="table"}.

![sgRNA(+85)/SWEET13-1 not sgRNA(+48)/SWEET13-2 in the cassette of two sgRNAs produces high-efficiency di-allelic mutations in rice *SWEET13* in T0 transgenic lines. (**A**) The gel picture of electrophoresis on the T7E1 treated rice *SWEET13* amplicons from the Cas9/sgRNA(+85)-SWEET13-1 T0 transgenic plants. The PCR products amplified from the sgRNA-targeted SWEET13 locus were treated with T7EI and subjected to 1% agarose gel electrophoresis. The arrow indicates the expected T7E1 cleavage product, suggesting possible mutations. M, 1-kb ladder DNA marker; WT, parental Kitaake control. (**B**) Sequences of *SWEET13* at the sgRNA-targeted site (bold and underlined in the wild-type sequence) in each T0 transgenic lines as in (A). The nucleotide changes (dashes for deletion and lower letter for insertion) are also indicated to the right side of each sequence suffixed with a letter, if needed, to distinguish different alleles.](gku806fig2){#F2}

![sgRNA(+85)/SWEET1a instead of sgRNA(+48)/SWEET16 in the cassette of two sgRNAs induces high-efficiency di-allelic mutations of *SWEET1a* in the primary (T0) transgenic rice plants. (**A**) Analyses of T0 transgenic lines for site-specific mutations of *SWEET1a* and for the presence of transgenes Cas9 and sgRNA. The first panel shows the agarose gel image of the T7 endonuclease I (T7EI) treated amplicon of *SWEET1a* with the expected ∼200-bp cleavage products indicated by the arrow. M, 1-kb ladder DNA marker; lanes 1--10 each denote one representative plant from each independent line; WT, parental Kitaake. Lines 1, 6 and 8 (light black) are T7EI negative. The lower two panels show the PCR results of Cas9 and sgRNA transgenes in the 10 independent transgenic lines. (**B**) Sequencing confirmation of *SWEET1a* mutations in seven of the T7EI-positive T0 lines shown in (A). All seven lines contain di-allelic mutations (dash for deletion, lower letters and '++' for insertions) at the sgRNA-targeted sites (bold and underlined). The number of altered nucleotides is shown at the right side of each sequence coupled with a lower-case letter, if needed, indicating the uniqueness of different alleles.](gku806fig3){#F3}

![Two sgRNA(+85) versions produce mutations at two loci in T0 transgenic plants. (**A**) Detection of mutations and transgenes in five T0 transgenic lines. The upper two panels show the PCR products of *SWEET13* and *SWEET1b* at the relevant sites that were treated with T7EI and separated in 1% agarose gels. The arrow points to the DNA band of the T7EI cleavage products of similar size. The lower three panels show the PCR products of Cas9 and two sgRNAs in the five transgenic lines using specific respective primers. (**B**) Sequencing confirmation of the site-specific mutations (di-allelic) in the T0 transgenic lines. Dashes denote nucleotide deletions and lower-case letters denote nucleotide insertions. The number of altered nucleotides is shown at the right side of each sequence coupled with a letter, if needed, indicating the uniqueness of different alleles.](gku806fig4){#F4}

###### Efficiency and ratio of allelic mutations

![](gku806tbl1)

We also investigated the potential off-target effect of sgRNA(+85)/SWEET13-1 that was 100% efficient in inducing site-specific di-allelic mutations in all eight independent rice T0 lines. Bioinformatic analyses found six sites that contained 16 or more nucleotides matching the 20 nucleotides of the guide RNA sequence including two sites with 17 and 16 nucleotides, respectively, matching the guide RNA and also with a perfect PAM sequence (Supplementary Figure S4). Genomic DNAs of seven T0 lines were used for PCR amplification of the six relevant regions and replicons were sequenced. Analysis of the DNA sequencing data (including the sequencing traces from all amplicons representing 84 alleles) revealed no trace of nucleotide change at any of the six potential off-target sites (data not shown).

Inheritance and stability of targeted gene mutations in T1 and T2 generations {#SEC3-4}
-----------------------------------------------------------------------------

To investigate whether the genomic modification by Cas9/sgRNAs could be transmitted to progeny of the self-fertilized T0 plants, we genotyped the T1 progeny plants and, in some cases, the T2 progeny of a sampling of genotyped T1 plants. Detailed analysis was performed with the T1 plants of line \#7, which harbored di-allelic (-4/-11) mutations in the *SWEET13* gene. Five of 10 T1 plants were either homozygous for a 4-bp or 11-bp deletion, and the rest were heterozygous for di-allelic mutations based on the T7EI assay (data not shown); sequencing analysis revealed that all mutated alleles were either a 4-bp deletion or an 11-bp deletion, the same mutations found in the parental T0 line \#7 (Figure [5A](#F5){ref-type="fig"} and Table [2](#tbl2){ref-type="table"}). Furthermore, in genetic crosses, the two alleles segregated with a ratio of 3(-4):5(-11/-4):2(-11). A χ^2^ test indicated there was no significant difference with the expected 1:2:1 ratio, suggesting Mendelian inheritance. Next, we assayed for the presence of T-DNA (transfer DNA, the specific segment of the *A. tumefaciens* Ti-plasmid that is transferred into the plant genome during *Agrobacterium-*mediated plant transformation) in the T1 population. PCR amplifications with primers targeting to the Cas9, sgRNA and hptII genes were conducted on DNA from progeny self-fertilized T0 plants. The results showed genetic segregation caused the loss of T-DNA in some T1 plants (Figure [5B](#F5){ref-type="fig"}). Subsequently, a sampling of T2 progeny plants derived from self-fertilized T1 plants \#7-1 and \#7-4 was randomly selected and genotyped for the presence of the *sweet13* gene (i.e. the mutated version of the *SWEET13* gene) and the presence of Cas9 and sgRNA transgenes in the modified genomes. PCR amplification and DNA sequencing analyses indicated that Cas9, sgRNA and hptII were not present in the genomes of the plants randomly selected for analysis and that the site-specific mutations (either 4- or 11-bp deletions) in the T2 plants were identical to those in progenitor T1 plants (data not shown). Detailed analysis of inheritance of the modified *SWEET13* gene in lines \#3 and \#5, as well as the modified *SWEET1a* gene in lines \#2, \#7 and \#9, was similarly conducted. Similar results were obtained from both T1 and T2 progeny plants, as shown in Supplementary Figure S5 for the *SWEET1a* gene and summarized for all three genes in Table [2](#tbl2){ref-type="table"}. The T-DNA segregation analysis of these lines revealed that line \#5 carrying the *sweet13* gene mutation and lines \#2 and \#7 carrying the *sweet1a* gene mutation included some T1 plants lacking the T-DNA region (i.e. the region that carries the Cas9, sgRNA and nptII transgenes). However, line \#3 carrying the *sweet13* mutant gene and line \#9 carrying the *sweet1a* mutant gene did not exhibit T-DNA segregation in T1 plants, indicating the possibility of multiple T-DNA insertions or close linkage of the T-DNA insertion with the modified locus.

![Inheritance of the Cas9/sgRNA modified *SWEET13* and removal of transgenes in T1 progeny. (**A**) Each of the di-allelic mutations (4- and 11-bp deletions) in one representative T0 line (\#7) was transmitted to its progeny (T1 plant 7--1 and -3). The sgRNA-targeted site is denoted in the wild-type sequence as bold letters and the PAM sequence underlined. Nucleotide deletions are denoted as dashed lines. (**B**) PCR-detected presence and absence of individual transgenes (Cas9, hptII and sgRNA) from different sources as indicated above each lane of the agarose gel picture. *SWEET13* was used as a control for sample quality.](gku806fig5){#F5}

###### Segregation of edited events in T1 progeny

![](gku806tbl2)

We next examined how the modified *SWEET11* gene was inherited in the T1 generation for line \#3, whose mono-allelic 2-bp deletion in *SWEET11*mutation was induced by Cas9 and the tracRNA/crRNA-SWEET11. T7EI assay and DNA sequencing results indicated a 4(-2):3(-2/WT):3(WT) segregation ratio and the presence of no new mutations in the T1 population. In this case, the T-DNA region was not segregated out for all of the T1 plants (Table [2](#tbl2){ref-type="table"}).

We also investigated whether Cas9/sgRNA could induce site-specific mutations in the *SWEET1a* gene in T1 plants using the T0 line \#6 that contained both Cas9 and sgRNA genes but no *SWEET1a* gene mutation (Figure [3A](#F3){ref-type="fig"}). No plants tested positive for mutations at the targeted site using the T7EI assay even though Cas9 and sgRNA genes were detected in some of the T1 segregants (Supplementary Figure S5). Further check of Cas9 expression in T1 progenies of T0 plant \#6 by RT-PCR indicated the presence of Cas9 transcript, indicating the lack of gene editing in this particular line was not due to silencing of the Cas9 gene.

Cas9/sgRNAs induce large chromosomal deletions in rice protoplasts {#SEC3-5}
------------------------------------------------------------------

Since our Cas9/sgRNA(+85) system is highly efficient in induction of site-specific cleavage, we sought to test its ability to generating large segment (\>100 kb) deletions between two genomic loci targeted by a combination of distinct sgRNAs. We postulated that the presence of widely spaced site-specific DSBs would facilitate the generation of large deletions between the two break sites. The segment deletion would require that the two independent DSBs be simultaneously generated at the two loci and that the DSBs rejoin through NHEJ repair mechanism in cells. In these experiments, we first replaced the short tracrRNA tail (+48) gene with the longer tail sequence (+85) in one sgRNA cassette, resulting in a vector containing two sgRNA(+85) cassettes that express two species of sgRNA(+85) under control of two different U6 promoters. This vector was also further modified such that the fragment containing two sgRNA cassettes (HindIII-HindIII) in one plasmid could be subcloned into another construct using HindIII and thus allow expression of four distinct sgRNAs in transgenic plant cells (Supplementary Figure S6).

The first multigene chromosome region to be targeted for deletion by Cas9/sgRNA activity contained a cluster of five biosynthetic genes that are involved in the production of labdane-related diterpenoids, a group of phytoalexins with antimicrobial activity, on chromosome 4 ([@B43],[@B44]). The gene cluster spans about 170 kb (Figure [6A](#F6){ref-type="fig"}). One target site in both the *OsCPS4* and *CYP99A2* genes located at the ends of the cluster were chosen to design and construct sgRNAs gCPS4-1 and gCYP99A2-1, respectively (Figure [6A](#F6){ref-type="fig"}). Constructs containing the two sgRNAs and Cas9 genes were co-transferred into the rice mesophyll protoplasts. Genomic DNA was extracted 48 h post-transfection and used for PCR amplification with a pair of primers, one (CPS-F) specific to *OsCPS4* and the other (CYP99A2-R) to *CYP99A2.* The two primers were designed to amplify the genomic DNA derived from the protoplasts that underwent large chromosomal deletion between the two remote target sites, but not from the intact genomic region due to its large size (∼170 kb). With the two primers, we amplified a product of the expected size (∼250 bp) from protoplasts expressing the two sgRNA genes and the Cas9 gene, but not from those without Cas9/sgRNA (Figure [6B](#F6){ref-type="fig"}, lane 1 versus WT). Two clones containing these PCR amplicons were selected randomly for sequencing, and the results confirmed excision of the genomic segment between the gCPS4-1 and gCYP99A2-1 target sites (Figure [6C](#F6){ref-type="fig"}, Δ1 and Δ2; Supplementary Figure S7A).

![Large chromosomal deletion induced by Cas9/sgRNA in rice. (**A**) Schematic of a cluster of five diterpenoid genes within an ∼170-kb region on rice chromosome 4, indicating sgRNA-targeted sites in colors and PAM sequences underlined. (**B**) Agarose gel electrophoresis image of the PCR products amplified from the genomic DNA of protoplast pools transfected with sgRNA constructs as indicated by a number corresponding to the sgRNA construct at the right side of picture. (**C**) Sequences of large DNA segment deletions induced by sgRNAs. The wild-type cluster is depicted as DNA sequence (including sgRNA-targeted sites in distinct colors) and lines (for the intervening sequences). The sequences of individual representative clones (Δ1--7) derived from PCR products shown in (B) are also depicted, with the deleted sequences indicated by dashes between the sgRNA-targeted sites.](gku806fig6){#F6}

We constructed a second pair of sgRNAs (gCPS4-2 and gCYP99A2-2) that also targeted *OsCPS4* and *CYP99A2*, but at different sites than used in the experiment described above (Figure [6A](#F6){ref-type="fig"}). When co-expressed with Cas9 in rice protoplasts, these sgRNAs were active in inducing a large deletion, as detected by PCR and further confirmed with sequencing of the cloned PCR products (Figure [6B](#F6){ref-type="fig"}, lane 2; 6C, Δ3; Supplementary Figure S7B). We then subcloned and combined the first and the second pair of sgRNAs into a single construct (gCPS4-1/gCPS4-2/gCYP99A2-1/gCYP99A2-2), anticipating that the expression of four sgRNAs would lead to an increased success rate and diverse junctions of two cleavage sites when co-expressed with Cas9 in rice cells. Indeed, we detected a variety of large deletions that result from the combinatorial joining of two cleavage sites from both ends of the gene cluster (Figure [6B](#F6){ref-type="fig"}, lane 3; 6C, Δ4--7; Supplementary Figure S7C).

The sequencing data indicated that the two cleavage sites were consistent with the action of the two sgRNAs which guide Cas9 to cleave dsDNA about 3 nt upstream of the PAM sequences and that the junctions were derived from joining of the predicted breakage sites.

Cas9/sgRNAs induce deletions of two additional large gene clusters in rice protoplasts {#SEC3-6}
--------------------------------------------------------------------------------------

Next, we extended our large chromosomal deletion experiments to target another cluster of 10 labdane-related diterpenoid synthetic genes spanning about 245 kb on rice chromosome 2 ([@B45],[@B46]) (Figure [7A](#F7){ref-type="fig"}). Similarly, we designed one sgRNA targeting the cytochrome P450 gene CYP76M5 (gCYP76M5-1) and another sgRNA targeting CYP76M6 (gCYP76M6-1), respectively, at each end of the gene cluster (Figure [7A](#F7){ref-type="fig"}). Both sgRNA genes along with the Cas9 gene were co-transferred into rice protoplasts. Protoplasts were pooled 48 h post transfection for extraction of genomic DNA that was used for PCR amplification of the relevant region with the primers M5-F and M6-R. As expected, amplicons of ∼260 bp were obtained from protoplasts producing the two sgRNAs and Cas9, but not from those without Cas9/sgRNA (Figure [7B](#F7){ref-type="fig"}, lane 1 versus WT). Directly sequencing the PCR product from one direction revealed two major products that were further confirmed with sequencing of the individual cloned PCR products (Figure [7C](#F7){ref-type="fig"}, Δ1 and Δ2; Supplementary Figure S7D). We designed a second pair of sgRNAs that also targeted CYP76M5 (gCYP76M5-2) and CYP76M6 (gCYP76M6-2), but at an adjacent location in each gene (Figure [7A](#F7){ref-type="fig"}). When co-expressed with Cas9 in rice protoplasts, sgRNA genes induced large deletions as detected by PCR and further confirmed with DNA sequencing of the cloned PCR products (Figure [7B](#F7){ref-type="fig"}, line 2; 7C, Δ3; Supplementary Figure S7E). We then subcloned and combined the first and the second pair of sgRNAs into a single plasmid (gCYP76M5-1/gCYP76M5-2/gCYP76M6-1/gCYP76M6-2) and co-expressed them with Cas9 in rice cells. As expected from results of our previous experiment, we detected a variety of large deletions that resulted from the combinatorial joining of two cleavage sites from both ends of the gene cluster (Figure [7B](#F7){ref-type="fig"}, lane 3; 7C, Δ4 and Δ5; Supplementary Figure S7F).

![Large segment deletions induced by Cas9/sgRNAs in rice chromosome 2. (**A**) Schematic illustration of 10 diterpenoid genes spanning about 245 kb on rice chromosome 2, indicating the sgRNA-targeted sites in colors and PAM sequences underlined. **(B)** Agarose gel electrophoresis of the PCR products amplified from the genomic DNA of protoplasts transfected with sgRNA constructs as indicated by the number that corresponds the sgRNA constructs at the right side of picture. **(C)** Sequences of large DNA segment deletions induced by sgRNAs. The wild-type cluster is depicted as DNA sequence (sgRNA-targeted sites in distinct colors) and lines (sequences not shown). The sequences of individual representative clones (Δ1 to Δ7) derived from PCR products shown in (B) are presented with the deleted sequences as dashed lines linking the junction sequences between the sgRNA-targeted sites.](gku806fig7){#F7}

We also sought to delete a third cluster of five diterpenoid synthetic genes within a 115-kb region on rice chromosome 6 using Cas9 and two sgRNAs (gOsKO1 and gOsKOL5) that independently targeted the border genes *OsKO1* and *OsKOL5* (Supplementary Figure S8A). The sgRNA gene construct was co-expressed with the Cas9 gene construct in rice protoplasts. Detection and confirmation of chromosomal deletions were performed similarly to that for the other two clusters described above. As shown in Supplementary Figure S8, these Cas9/sgRNAs also induced targeted chromosomal deletions (Supplementary Figure S8B and C).

Cas9/sgRNA activity produces rice plants containing large deletions of gene clusters {#SEC3-7}
------------------------------------------------------------------------------------

To determine if we could generate stable rice plants that contain the Cas9/sgRNA-induced deletions of large gene cluster involved in diterpenoid biosynthesis, we recombined the aforementioned cassette of gCYP76M5-1 and gCYP76M6-1 into the binary vector expressing Cas9 under the maize ubiquitin 1 promoter and introduced the resulting construct into rice callus cells through *Agrobacterium*-mediated gene transfer (Figure [8A](#F8){ref-type="fig"}). Twenty four independent hygromycin-resistant callus lines were obtained and screened for those with putative large segment deletions using PCR with the deletion specific primers M5-F and M6-R. Four positive lines were identified by the PCR approach and further confirmed by sequencing of the amplicons (Figure [8B](#F8){ref-type="fig"}). Three lines (\#16, 17 and 21) contained identical sgRNA-mediated deletions and junction sequences at the two target sites, while the fourth line (\#23) contained the large deletion and an extra sequence of 23 bp which matched a sequence 28 bp upstream of the PAM sequence for gCYP76M6-1 (Figure [8B](#F8){ref-type="fig"}). The sequencing trace of a single amplicon from each line indicated the homogeneity of the callus cells with the identical deletion. We detected no occurrence of potential segment inversions in any of the 24 callus lines using PCR with the inversion specific primer pair M5-F & M6-F or primer pair M5-R &M6-R. Out of the 24 callus lines, we were able to regenerate a total of 27 transgenic plants from 10 lines including \#16, 17 and 21. Genotyping the individual plantlets using primers M5-F and M6-R and subsequent sequencing of amplicons confirmed the large segment deletions in seven plantlets derived from callus lines \#16, 17 and 21. The 245-kb deletions were identical to each other and also identical to the ones detected in their initial callus lines (Figure [8C](#F8){ref-type="fig"}). To determine whether the large deletion is mono- or di-allelic, site-specific primers M5-F &M5-R and M6-F&M6-R were used to PCR-amplify regions of the two individual target sites, respectively. Sequencing of the amplicons revealed single base changes (1-bp deletion or 1-bp insertion) at each of the predicted Cas9/sgRNA cleavage sites in the representative plants (Figure [8C](#F8){ref-type="fig"}).

![Deletion of 245 kb induced by Cas9/sgRNA activity in rice plants. (**A**) Schematic illustration of the 245-kb region with two sgRNA-targeted sites as denoted in colors and PAM sequences underlined and bold. (**B**) Callus lines containing the ∼245-kb deletions identified with a PCR approach and confirmed with sequencing of amplicons. The agarose gel image indicates the four callus lines (number in red) are positive for large fragment deletions. The sequences beneath the image are the junction sequences with the deletions (dashed lines) or extra nucleotides (lower case letters). (**C**) DNA sequence changes in the representative plants generated from three callus lines (\#16, 17 and 21) with the Cas9/sgRNA induced large deletions (dashed lines) in one chromosome and small nucleotide changes (dashed lines for deletions and lower case letters for insertions) in the homologous chromosome.](gku806fig8){#F8}

Similarly we also assembled the four-sgRNA cassette (gCPS4-1/gCPS4-2/gCYP99A2-1/gCYP99A2-2) into the Cas9-expressing binary vector to target the 170-kb diterpenoid gene cluster on chromosome 4 for potential deletion in transgenic plants. The Cas9/sgRNA construct was transformed into callus cells and plants were generated from 16 hygromycin resistant callus lines. PCR analysis with the deletion specific primers CPS-F and CYP99A2-R identified four plants all from one callus line (\#8) that were positive for deletions. Sequencing the amplicons confirmed the large deletion in each of the four T0 plants. Three plants contained the identical deletions through joining of the exactly predicted cleavage sites (3 bp upstream of PAM) for the guide RNA gCPS4-1 and gCYP99A2-2, respectively (Supplementary Figure S9, plant \#8-2). The other plant contained a large deletion through joining of the cleavage site 10 bp upstream of PAM for gCPS4-1 and the predicted cleavage site of gCYP99A2-1 (Supplementary Figure S9, plant \#8-3). There was a 1-bp insertion downstream of the deletion at the predicted gCYP99A2-1 cleavage site in all four plants. To determine if the deletions were mono- or di-allelic, PCR amplification and sequencing of the relevant regions were performed and revealed four indels each at the predicted DSB sites on another chromosome in each of the four plants (Supplementary Figure S9). Taken together, our results demonstrate that our Cas9/sgRNA system is highly efficient in inducing large chromosomal deletions.

DISCUSSION {#SEC4}
==========

We have developed a simple and high-efficiency CRISPR/Cas system for targeted genomic editing in rice, a major staple crop and also a model species for cereal crops. The system consists of a common Cas9 expressing destination vector and an intermediate vector for cloning of up to four oligo-derived sgRNA genes. The major cloning work involves sequential insertion of two oligo-derived small dsDNAs in the intermediate vector (e.g. pENTR-sgRNA1 or pENTR-sgRNA2). The resulting sgRNA constructs can be easily combined with the master Cas9 binary vector using Gateway clonase into a single construct to target up to four distinct loci in transgenic cells, providing a system for high throughput plasmid construction and large scale genomic editing in rice. Furthermore, due to the compatibility of the rice-derived promoters driving the sgRNA and Cas9 genes with transcription machinery in other grass species, this system may be applicable to other grass-type crops used for food and biofuel production. We have successfully used this high-efficiency CRISPR/Cas system to create mutations in four rice SWEET genes---mutations that we have shown to be genetically transmitted to the second and third generations. Finally, we have demonstrated the feasibility of using this system to generate large chromosomal deletions by successfully deleting three separate clusters of genes.

A variety of different architectures of guide RNA scaffolds and many versions of Cas9 genes have been developed by different groups for genome targeting in a wide range of organisms, including plant species ([@B19],[@B20],[@B33],[@B42],[@B47]). Based on our experimental results, the dual crRNA:tracrRNA guide RNA is significantly less efficient for inducing site-specific gene editing than the sgRNA system. Furthermore, the short sgRNA, such as sgRNA(+48), is much less efficient than sgRNA(+85). Both dual crRNA:tracrRNA and sgRNAs \[sgRNA(+85) and sgRNA(+48)\] are active to varying extents in rice protoplasts. Highest efficiency in generating targeted gene mutations was obtained with sgRNA(+85). Although the variation of efficiency obtained with different guide RNA architectures (crRNA:tracrRNA and sgRNAs with different lengths of the tracrRNA 3′ tails) from our study in rice was established with different guide sequences, we tested their efficiency by using multiple seed sequences for each architecture and in a large number of transgenic plants. Our results with rice are consistent with results from prior studies in other systems using the same seed sequences in different guide architectures ([@B19],[@B31]). In regard to Cas9, we demonstrated earlier that the bacterial SpCas9 gene has weak activity in rice protoplasts ([@B21]). However, as shown in our present studies, use of the rice codon optimized SpCas9 gene increases the magnitude of mutation production remarkably. With stable transgenic plants, out of 15 plants, only one mono-allelic mutant plant was obtained using a human codon optimized Cas9 gene (data not shown), which was a significantly lower rate than the 87--100% efficiency achieved with the rice codon optimized Cas9. It should be noted that both the bacterial and rice codon optimized Cas9 protein may be somewhat toxic to *Agrobacterium* cells given that the transformed bacterial cells grew notably slower than cells with plasmids lacking the Cas9 gene---even though the Cas9 gene was driven by the intron-containing maize ubiquitin 1 gene promoter. In contrast, transgenic rice plants containing a Cas9 transgene grew normally, without any obvious phenotypic defects in growth and development.

Multiplexed gene targeting has been achieved in a number of species. Such targeting has been achieved using either one sgRNA targeting identical or closely matching sequence regions of homologous genes or with a number of sgRNA targeting multiple, different loci in the genome ([@B42]). Based on results in the present study, it appears prudent to use different RNA polymerase III dependent promoters that share no homology with one another, to avoid loss or rearrangement of sgRNA components during plasmid construction or rice transformation through potential DNA recombination between homologous regions in the sgRNA cassettes.

The reports using the CRISPR/Cas9 system in *Arabidopsis* shows that many of the mutations detected in T1 plants were created by Cas9/sgRNAs in somatic cells and that limited numbers of plants with heritable mutations could be obtained in T2 or later generations ([@B31],[@B32]). However, our results with transgenic rice plants show that all the T0 plants carried di-allelic mutations and that T1 progeny could be readily obtained carrying heritable homozygous mutations. This means that targeted gene modification occurred in single embryogenic rice cells that were regenerated into T0 plants that were capable of efficiently transmitting the mutated genes to subsequent generations. Of particular interest are both the 1-bp insertion (+1) and the 2-bp deletion (−2) mutations of the *SWEET1a* gene found in the T0 line \#7, which were separately and faithfully transmitted into T1 plants \#4 and \#7, suggesting that those minor changes in the PAM proximal target sequence impair Cas9 activity. More interest will be paid in future studies to the progeny of lines \#3 and \#10, in which another 1-bp deletion/insertion of the *SWEET1a* gene was found. We also will perform whole-genome re-sequencing of progeny from selected mutant lines to investigate the specificity (e.g. off-target effect) of the CRISPR/Cas9 system in rice.

In this study, we report a highly efficient Cas9/sgRNA(+85) platform for endogenous gene targeting in rice plants. Four different genomic loci were successfully mutated at a very high efficiency, including achievement of 100% di-allelic (homogeneous or heterogeneous) mutations. In addition, the mutations were transmitted stably into all T2 generation plants we examined. Our studies pave the way for genome editing by a broad spectrum of rice researchers. Since our Cas9/sgRNA(+85) platform achieves an extremely high efficiency in causing DSBs and subsequent on-target gene editing, including 100% di-allelic mutations, some of the T0 plants could be used directly for biological experimentation, greatly decreasing the time required for basic biology experiments. In addition, those constructs could be used for genome-wide knock-out screening in rice with sgRNA libraries (sgRNA constructs harboring a library of 20-bp oligo-derived seed sequences), resulting in mutant rice populations with much greater genetic diversity and precision than found in traditional insertion libraries made with T-DNA or transposons. Furthermore, with high efficiency gene targeting, endogenous gene tagging with fluorescent protein or small epitope tags likely can be achieved---a step that would greatly speed rice research. Importantly, all the materials created using Cas9/sgRNA(+85) editing could be released into the field without any concern about ecological risks as long as the transgenes were removed through classical genetic segregation.

Herein we provide the first evidence for Cas9/sgRNA-induced, large genomic deletions in a plant protoplast system and fertile, regenerated plants, which represents a first major step toward realizing the exciting potential of this type of targeted, major genomic modification for use in basic plant biology research and for crop bioengineering. The efficiency to generate the transgenic plants with large deletions in one chromosome and small site-specific nucleotide changes in another chromosome is relative high (three lines out 10 for chromosome 2 cluster; Figure [8](#F8){ref-type="fig"}). Technologies for efficient site-directed chromosomal segment deletion will greatly facilitate the functional analyses of clustered genes and noncoding genetic elements (genes or regulatory modules); such technologies also have practical implication in crop breeding, for example, by generating new agronomic traits in crops through deletion of unwanted loci that may be detrimental to fitness. We will be curious to see the transmission of chromosomal deletions in progeny of our multiple transgenic plants. Because the detected large deletions occurred in embryogenic cells, not in somatic cells, it is most likely they will be inherited as efficiently as the small indels we observed in the present study. In addition, based on our large segment deletion results, our Cas9/sgRNA platform clearly is a valuable tool potential for chromosomal engineering, including production of investigator-designed chromosomal segment substitution lines, translocation lines, addition lines and deletion lines in rice.

SUPPLEMENTARY DATA {#SEC5}
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[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku806/-/DC1) are available at NAR Online.
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